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[1] During January–February 2009, an active-source seismic survey was performed over the Eastern Lau
Spreading Center in the Lau Back-Arc Basin (21 S, 176 S). Acoustic signals generated by the R/V Langseth’s
36-gun pneumatic source array were recorded within the deep sound channel at offsets of 29–416 km. The
local ocean acoustic environment is everywhere bottom limited, with seafloor depths within the study domain
rangingfrom 1700–2800m.Low-frequency(4–125Hz)soundlevelsaremonitoredusingroot-mean-square,
energy-flux-density and zero-to-peak measurement techniques. From these field data, transmission loss is
foundtoexceedthepredictionsofageometricsphericalspreadingmodel. Atsimilar ranges, arrival amplitudes
vary by up to 20 dB and durations vary by a factor of three to six. The depth of the seafloor beneath the air gun
source exhibits a positive correlation with arrival duration and a negative correlation with range-corrected
amplitude, explaining up to 30% of the observed variation in both parameters. The strength of this correlation,
however, varies for stations lying at different azimuths, highlighting the importance of seafloor aspect
and slope in the coupling of bottom-interacting acoustic energy into the sound channel. Range-dependent
raytracingshowsthatshotsdeployedovershallowerseaflooraremorelikelytoproducesoundchanneltrapped
signals that propagate with limited bottom interaction. This results in arrivals that are more impulsive, with
shorter durations and higher amplitudes. Shots deployed in deeper water typically undergo a larger number
of bounces and are characterized by more emergent, longer duration and smaller amplitude arrivals.
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1. Introduction and Motivation
[2] In recent decades, noise in the ocean has increased
significantly over historic levels. Anthropogenic
activities, such as commercial shipping, drilling, mil-
itary and civilian use of sonar, and hydrocarbon
exploration are chiefly responsible for this increase,
which includes both ambient and transient acoustic
inputs [Andrew et al., 2002; National Research
©2012. American Geophysical Union. All Rights Reserved. 1 of 22Council, 2003; Hildebrand, 2004; McDonald et al.,
2006]. Scientists, policy makers and the general
public have become increasingly concerned about
increasing levels of ocean noise and the potential
ecological impact for marine mammals and other
organisms [National Research Council, 2003]. The
concern is broad in scope, as both continuous (e.g.,
commercial shipping) and transient (e.g., seismic air
gunning) sources may inhibit a marine species’
ability to continue life-sustaining activities such
as communicating, feeding, breeding and naviga-
tion [Richardson et al., 1995; Madsen et al., 2002;
National Research Council, 2003; Hildebrand,
2004, 2005; Madsen et al., 2006; Soto et al., 2006;
Parks et al., 2007; Southall et al., 2007].
[3] Andrew et al. [2002] and McDonald et al. [2006]
have independently shown 10–12 dB increases in
ambient ocean noise within the frequency band of
20–80 Hz and30–50 Hz,respectively,offthewestern
coast of the United States within the past three to four
decades. This is consistent with the near doubling in
the number of ships and the general increase in
propulsion power (speed) and vessel size over the
same time period [Chapman and Price, 2011].
Evidence that these acoustic changes are impacting
the communications of some cetacean species is
mounting. For example, Parks et al. [2007] docu-
ment an increase in the start frequencies of Atlantic
Right Whale upcalls since the mid-20th century,
which they attribute to an increase in 5–200 Hz
noise levels. In the mid-latitude Pacific, Holt et al.
[2009] has shown that Killer Whales exhibit the
Lombard effect, an involuntary increase in vocal
amplitude within a nosier environment, resulting in
an increased energetic cost to individuals.
[4] While increasing ambient noise levels may have
significant ecological impacts, high intensity transient
signals also threaten marine animals, and in rare cases
may be associated with physical injury [Richardson
et al., 1995; National Research Council, 2003]. Per-
haps the most well-knownexample is the link of mid-
frequency naval sonar to mass strandings of Cuvier’s
beaked whales [National Research Council, 2003].
Behavioralchanges,however,aremorecommonthan
physical injury. In field experiments, surfacing, res-
piratory and diving changes in baleen whales have
been observed at received levels above 142 dB re
1mPa and active avoidance observed at received
levels above 152 dB re 1mPa [Ljungblad et al., 1988;
Richardson et al., 1995].
[5] In recent years, increasing environmental con-
cern and regulation has been leveed specifically at
seismic surveying operations [e.g., Malakoff, 2002;
D’Spain et al., 2006], which generate transient
acoustic energy using an array of pneumatic air
guns. These activities are aimed at imaging the
geology of the sub-seafloor environment, primarily
in support of hydrocarbon exploration. Even though
the duty cycle of the air gun source array is only
0.3%, Hildebrand [2004] estimates that on an
annual basis, the acoustic energy introduced into the
oceans by these surveys rivals the combined con-
tribution of military sonars and the global fleet of
super tankers. Moreover, due to their dominantly
low frequency spectrum (≤100–200 Hz), air gun
signals are transmitted efficiently within the deep
ocean and have been detected at ranges exceeding
3000 km [Blackman et al., 2004; Nieukirk et al.,
2004, 2012].
[6] As underwater sounds propagate through the
oceans, the signals become delayed, distorted and
weakened [Urick et al., 1983]. Being able to quantify
this signal degradation increases the accuracy of
sound level predictions and allows for improved
environmental impact assessment and mitigation. In
addition, many applications of marine geophysics
such as seismic and volcanic monitoring [Fox et al.,
1995], enforcement of a comprehensive nuclear test
ban [de Groot-Hedlin and Orcutt, 2001b] and under-
sea communications rely heavily on understanding
range- and path-dependent signal propagation.
[7] During the period 27 January through 24 February
2009 ( 28 days or  675 h), the R/V Marcus G.
Langseth carried out an active-source seismic
refraction survey along a  100 km section the
Eastern Lau Spreading Center, near 20 S, 175 W
[Dunn and Martinez, 2011]. The survey produced
approximately 9400 acoustic shots with an average
time separation of 210 s. The acoustic source con-
sisted of 36 air guns fired simultaneously at a depth
of 9 m below the sea surface. An array of autono-
mous underwater hydrophones (AUH), part of a
separate though concurrent project, recorded the
seismic survey at distances of 29–416 km (Figure 1).
These receivers were calibrated omni-directional
sensors sampling at 250 Hz and moored at a depth of
1000 m within the basin’s deep sound channel.
Although a total of eight instruments were deployed
during the survey, twosensors are excludedfrom our
analysis due to problems with their pre-amplifier,
which introduced unwanted noise into the analysis
frequency band. Four of these remaining stations
are part of a small aperture diamond-shaped array
( 2 kmseparation betweenmoorings), known asthe
M3 quad; these hydrophones will be treated as a
single station unless otherwise noted.
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2o f2 2[8] Previous studies have addressed the propagation
of anthropogenic air gun signals at short ranges,
up to several kilometers [Greene and Richardson,
1988;Tolstoy et al., 2004, 2009; DeRuiter et al., 2006;
Madsen et al., 2002, 2006; Breitzke et al., 2008;
Breitzke and Bohlen, 2010; Diebold et al., 2010],
and long ranges, on the order of thousands of kilo-
meters across ocean basins [Blackman et al., 2004;
Nieukirk et al., 2004]. Despite the potential for
behavior impacts [e.g., Malakoff, 2002; Risch et al.,
2012; Castellote et al., 2012], few field studies have
investigated transient air gun noise levels at the
intermediate ranges studied here. Our objectives are
to empirically quantify range-dependent signal
characteristics and transmission loss within the Lau
Basin and identify factors influencing the variability
in the signal amplitude and duration at a given
range. Although Blue, Humpback, Bryde’s and Fin
whales may be present within the basin [Brodie and
Dunn, 2011], our study is not aimed at assessing
the ecological impacts on specific local species.
2. Geo-acoustic Environment
[9] The active source survey of Dunn and Martinez
[2011] was located along the central portion of
Eastern Lau Spreading Center (ELSC), one of sev-
eral back-arcspreading centers within the Lau Basin
(Figure 1). At the latitude of the survey (20–21 S),
the local spreading rate is  65 mm/yr, and the
ELSC topography transitions from a narrow axial
high (south) to a broad, faulted axial valley (north)
[Tayloretal., 1996; Martinezetal.,2006](Figure2).
Side-scan sonar imagery shows high amplitude
acoustic backscatter along the axis of the rift, con-
sistent with the presence of a thinly sedimented
basaltic basement [Martinez et al., 2006]. Sonar
backscatterstrengthdecreasesas sedimentthickness
increases off-axis, with volcano-clastic turbidites
and nano-fossilliferous clays ponding within local
fault-bounded basins [Hawkins, 1995]. To the east,
the Tongan volcanic arc supplies clastic sediments
that form a westward-thinning apron.
[10] The ocean acoustic environment of the tropical
Lau Basin is everywhere bottom limited, meaning that
the critical depth of the sound channel, at  5500 m
depth, lies well below the relatively shallow (1700–
2800m)depth of the seafloor (Figure 3a). For an air
gun source near the sea surface, even rays with sub-
horizontal departure angles are refracted downward
and intersect the seafloor. For a flat-lying seafloor,
these rays are reflected and return to the sea surface,
where they are reflected again, repeating the pro-
cess (Figure 3b).
[11] For more realistic bathymetry (e.g., Figure 3c),
some of these bottom-interacting rays may become
entrapped in the SOund Fixing And Ranging
(SOFAR) channel [Ewing and Worzel, 1948], where
they propagate with minimal transmission loss for
very long distances [Tolstoy and Ewing, 1950; Urick
et al., 1983]. The most commonly proposed mechan-
isms for SOFAR entrapment are downslope conver-
sion [Johnson et al., 1963] and seafloor scattering
[de Groot-Hedlin and Orcutt, 1999, 2001a; Park
et al., 2001]. These mechanisms operate concur-
rently and are not mutually exclusive.
[12] Downslope conversion is a mechanism through
which the grazing angles of acoustic rays are
Figure 1. Bathymetric map of Lau Basin. Red circles
denote locations of moored autonomous underwater
hydrophones, black line shows seismic survey track and
purple lines are spreading center traces. ELSC = Eastern
Lau Spreading Center and CLSC = Central Lau Spread-
ing Center. Yellow star indicates the site of the March
2009 eruption of Hunga-Ha’apai (H-H) volcano. Bathy-
metric data compilation courtesy of F. Martinez.
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3o f2 2Figure 2. (a) A bathymetric map of the seismic survey (gray dashed line) area. (b) Three depth profiles crossing the
ELSCareextracted,highlightingadeepeningriftvalleytothenorthandatransitiontoaxialhighmorphologyinthesouth.
Figure 3. (a) Sound velocity profile (SVP) of the Lau Basin. The sound speed at 20.5 S, 176  W is taken from the
January–March average data within the World Ocean Atlas [Antonov et al., 2006, Locarnini et al., 2006]. This profile
is representative of the larger survey domain. The SOFAR axis depth is  1100 m (black dashed line), the average depth
is 2360 m (gray dashed line) and the critical depth of the sound channel is  5500 m (red solid line). (b) Sub-horizontal,
low grazing angle rays(<10 ) emitted froma shallow source show that a flatseafloor will result in bottomand sea surface
reflected propagationalong theentirepath.(c) Replacingflatseafloorwithslopingbathymetrycancausea rayemitted ata
similar grazing angle tobecome entrapped in the low-velocity zoneand followa continuouslyrefracting path. The air gun
source position is depicted with a black square and the moored hydrophone position by a yellow haxagon.
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4o f2 2progressively decreased through a series of reflec-
tions off of a downward sloping seafloor, eventually
leading to the entrapment of some rays in the low
velocity sound channel [Johnson et al., 1963;
Talandier and Okal, 1998]. It is called upon most
commonly to explain the coupling of seismo-acoustic
energy into the water column across continental and
island shelves, where long and continuous slopes
exist; however, for the sloped and facetted seafloor
associated with an oceanic rift, some specular
reflections may become entrapped after only one or
two seafloor bounces (Figure 3c).
[13] Due to the roughness and heterogeneity of the
sea bottom, acoustic energy also is scattered back
into the water column [Bradley and Stephen, 1996;
Park et al., 2001]. For sub-seafloor (earthquake)
sources this is often described using a normal mode
representation. Inthisview,lowordermodes,which
are equivalent to low-grazing-angle rays, represent
acoustic energy trapped in the SOFAR channel with
minimal seafloor interaction. Neglecting variability
in seabed parameters, scattering at shallower sea-
floor depths preferentially excites these low order
modes; whereas higher order modes, which interact
more strongly with the seafloor, are excited with
increasing seafloor depths [de Groot-Hedlin and
Orcutt, 1999, 2001a; Park et al., 2001].
[14] The geometry of the Lau Basin AUH array is
such that each receiver lies in a different azimuthal
direction from the seismic survey, promoting vari-
ableseafloorinteractionsalongthepropagationpaths
(Figure 1). Seafloor aspects (slope directions) cluster
around 100  and 280 , representing the inward and
outward dipping normal fault scarps associated with
the north trending ELSC (Figure 4). The M3 quad
lies to the west of the ELSC on  2M ac r u s t ;i t
records signals that propagate at azimuths between
225 and 338 , sub-parallel to the dominant seafloor
aspect direction. Station M4 lies to the northwest of
the air gun survey, and acoustic paths to this station
(azimuths of  340 ) must cross the ELSC and
Central Lau Spreading Center (CLSC), as well as
some shallow seamounts. Signals received at station
M5 propagate at azimuths of  18 , traveling par-
allel to the seafloor fabric and rift valley (Figure 4).
The seafloor deepens with range between the ELSC
and the M3 quadstation,with an averageof 889.7 
120.8 m of relief along the propagation path. The
M4 and M5 station are moored above seafloor of
nearly the same depth; however, the average relief
along the propagation paths is 940.9   102.1 m and
694.5   145.0 m, respectively. These path depen-
dent bathymetries contribute to variability in recor-
ded signal properties–as demonstrated empirically
in this study.
[15] The complex tectonics of the Lau Basin create a
naturally noisy acoustic environment, with active
seismo-acoustic sources associated with the subduc-
tion interface and slab, the many shallow submarine
volcanoes within the arc, and the ridge-transform
system within the back arc [Conder and Wiens,
2011]. There were 22 seismic events with a magni-
tudeof>4.2duringthe28-daytimeperiodoftheR/V
Figure 4. (a) The azimuths from the shot locations to
each hydrophone (colored lines) are compared to the sea-
floor aspect directions in the study site (black line). (b)
Aspect map showing alternating 100  and 280  facing
topography associated with abyssal faulting adjacent to
the spreading axis. Black line delineates survey area;
black circle denotes M3 location and arrows point
toward M4 and M5.
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5o f2 2Langseth survey (International Seismological Cen-
tre, on-line bulletin, Thatcham, U. K., 2001, http://
www.isc.ac.uk), and ongoing analysis of the hydro-
acousticrecords has located severalthousand smaller
earthquakes and volcano-acoustic signals that
occurred during this period. For the purposes of this
study, these natural signals are considered noise.
Section3.3describestheproceduresusedtocarefully
identify and exclude air gun arrivals containing
coincident volcanic and seismic energy.
3. Methods
3.1. Data Sources and Acquisition
[16] All of the AUH sensors sampled at 250 Hz
and recorded continuously throughout the R/V
Langseth’s active source seismic survey in January
and February of 2009, capturing a total of 28197
arrivals (9399 shots   3 stations). The receivers
recorded changes in acoustic pressure with a 16-bit
A/D resolution and signals were not clipped during
the experiment. The frequency-dependent system
response of the AUH’s is removed before proces-
sing. A fifth-order 4 Hz high-pass Butterworth filter
is applied to all data to filter out low-frequency
ocean noise, some seismo-volcanic activities, and
possible cable strumming noise. The effective
bandwidth for the analysis is 4–125 Hz.
[17] The R/V Langseth’s 36-gun source array con-
sists of four 16-m long strings (sub-arrays) towed
with a nominal horizontal separation of 6–8m .E a c h
string contains nine active air guns and one ready
spare [Tolstoy et al., 2009]. Individual air gun source
volumesrangefrom60to360in
3,withatotalvolume
of 6600 in
3. Air gun arrays are designed to generate
a downward directed pulse of acoustic energy; for
some arrays, the gun geometry and overall dimen-
sions also can lead to horizontal directivity. The
horizontal directivity of the R/V Langseth’s four-
string 36-gun array was investigated in detail during
the vessel’s acoustic calibration cruises in 2007 and
2008 [Tolstoy et al., 2009]. Using direct and short-
offset arrivals acquired over flat-bottom sites within
the Gulf of Mexico, Tolstoy et al. [2009] found no
correlation between the broadband (5–25,000 Hz)
signal amplitude and the ship’s heading. They con-
cluded that the R/V Langseth’s four-string 36-gun
array behaves as a symmetrical broadband source at
horizontal ranges greater than  300 m [see Tolstoy
et al., 2009, Figures 10 and 11].
3.2. Signal Characteristics
[18] Dunn and Martinez [2011] provided the air gun
shot locations and times from cruise MGL0903.
Fromthesemeta-data,arrivaltimeswereestimatedat
each of the AUH recorders, assuming a constant
soundspeedof1490m/s.Foreacharrival,a30sdata
window centered on the predicted arrival time is
extracted from the waveform database. In keeping
withotherairgunpropagationstudies[Madsenetal.,
2006; Tolstoy et al., 2009; Diebold et al., 2010], a
cumulative energy method is used to select the 90%
energy window and determine the duration of each
arrival.This involvesgeneratingacumulativesumof
the squared amplitudes across the initial 30-s data
window, and selecting the start and stop times of the
arrival packet as the points encompassing 5% and
95% of the energy in the signal.
[19] Studies focused on air gun arrivals at shorter
offsets (100–1000 s m) [e.g., Madsen et al., 2006;
Tolstoy et al., 2009; Diebold et al., 2010] typically
use much shorter ( 1 s) windows of integration;
however, at the ranges studies here, within the
bottom-limited acoustic environment of the Lau
Basin, significant energy is found in the arrival coda
at later times. We conducted comparisons using ini-
tial integration windows between 15 and 60 s in
length. Integrating over too short a time window
produces arrival durations that are clearly clustered
near the half-window length—indicating that signif-
icant energy in the arrival coda is not being captured.
On the other hand, integrating over too long a time
window only serves to introduce unwanted transient
volcano-seismicnoiseintotheanalysis. Wetherefore
selected the shortest time window (30 s) for which
the arrival durations stabilized at all three stations.
[20] Three methods are used to report received
sound levels, as measured over the determined 90%
energy windows. The values in decibels are calcu-
lated as follows:
Root-mean-square: dBRMS ¼ 20   log10
1
n
X n
i¼l
si   s   ðÞ
2
 ! 1
2
0
@
1
A
  re1mPa ½  ð 1Þ
Energy flux-density: dBEFD ¼ dBRMS þ 10   log10 d ðÞ
  re1mPa2   s
  
ð2Þ
Zero-to-Peak: dBZ2P ¼ 20   log10 max s jj ðÞ fg
  re1mPa ½  ð 3Þ
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6o f2 2where s is the response-corrected pressure time
series (mPa) and d is the duration in seconds of the
n-point analysis window capturing 90% of the sig-
nal energy.
[21] The root-mean-square pressure (RMS) of the
signal is the standard measure used in ambient (con-
tinuous) noise monitoring studies. The use of this
measurement in describing transient sound sources is
problematic in that the RMS level is sensitive to the
choice of arrival window [Madsen, 2005]. Despite
this limitation, the U.S. National Marine Fisheries
Service (NMFS) has adopted RMS criteria for per-
mitting and regulating active source seismic surveys.
Thereceivedlevelspresentlydefinedassafetycriteria
(intended to avoid risk of auditory impairment or
injury) are 190 and 180 dBRMS for pinnipeds and
cetaceans, respectively, with 160 dBRMS identified as
the level above which there is likely to be behavioral
disturbance [Southall et al., 2007].
[22] The energy flux density (EFD) of the signal is
proportional to the energy perunit area [Young, 1970]
and the sound exposure level for a plane wave prop-
agating in an unbounded medium [Madsen, 2005]. It
is defined as the linear product of the square of the
RMS amplitude and the duration of the arrivalpacket.
Although current NMFS regulations do not utilize
this measure, EFD is arguably a robust indicator of
exposure due to a correction factor for signal duration
(equation (2)), and it is increasingly cited in acoustic
monitoring and conservation studies [e.g., Madsen
2005, Tolstoy et al. 2009; Diebold et al., 2010].
[23] Zero-to-peak pressure (Z2P) is a measure of
the maximum signal amplitude within the arrival
packet and is commonly used to report sound levels
of impulsive (transient) signals. For an aperiodic
wave, Z2P levels are often higher than RMS values
by 15 dB or more [Madsen, 2005].
[24] For each signal, a noise window is selected
having the same duration as the arrival window
(Figure 5). This window is positioned to end two
seconds prior to the onset of the arrival window, as
determined by the 90% cumulative energy approach.
Signal-to-noise ratios (SNR) at each station are
approximately normally distributed with significantly
different means for the M3 quad (27.5   5.6 dB), M4
(13.7   6 . 7d B )a n dM 5( 1 8 . 5  5.4 dB) stations
(Figure 6). As background noise levels are shown to
be within a few dB of each other (see section 4), this
largely reflects the different ranges at which
the signals are recorded, with M4 being positioned
approximately five times further from the air gun
survey relative to the M3 quad.
3.3. Arrival Data Selection
[25] Both signal-to-noise ratios and cumulative
energy goodness-of-fit criteria are used to rid the
data set of arrivals contaminated by coincident vol-
canic and seismic signals. For each station, arrivals
Figure 5. Waveform of shot 8000 received at station
M4 (range = 330 km) overlain by cumulative energy
sum plot (green). (right) The red window represents the
90% energy window used for signal level calculation
(time between 5% and 95% of total cumulative energy).
(left) The black window is a window of equal length sit-
uated such that it ends two seconds before the signal
window begins; this is used for noise level calculations.
Figure 6. SNR distribution for each station. Dashed
portions of each curve represent values where SNR <
SNR   1s. Arrivals with SNR in this range are not used
for analysis. The average SNR is shown by a black dot
along the histogram and the inset table provides sum-
mary statistics for each station.
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7o f2 2with a SNR less than SNR   1s are excluded from
the analysis (Figure 6). This removes 5835 arrivals
(21%) from the total of 28197. However, given the
extremely high rate of transient signal arrivals asso-
ciated with seismic and volcanic activity within the
basin and arc, there are many ‘contaminated’ arrivals
that exhibit acceptable or even elevated SNR’s. Such
signals (Figure 7) are not removed by this criterion.
[26] Integrating the broadband signal energy
(squared-amplitudes) over the original 30-s data win-
dow, which is centered on the predicted arrival time,
reveals that suspect arrivals with acceptable SNR’s
typically exhibit a cumulative envelope shape that
deviates from the expected pattern (Figures 5 and 8).
A simple goodness-of-fit test is established, whereby
signals are accepted only if their cumulative energy is
b e l o w5 %a tt= 1 s and above 35% at t = +5 s
(Figure 8). These threshold values were chosen based
on the average trend of all cumulative sum curves
among all hydrophones. They are set to eliminate the
 20% of the remaining arrivals with the most anom-
alous cumulative sum shapes.
[27] Applying the SNR and goodness-of-fit criteria
leaves a data set of 17491 arrivals for analysis—an
extremely large data set compared with other air gun
fieldstudies[cf. Blackmanetal.,2 0 0 4 ;Tolstoyetal.,
2004, 2009]. The number of rejected arrivals from
individual hydrophones varied, with 1900 arrivals
removedfromM3,5799removedfromM4and3007
removed from M5. A total of 2398 shots had arrivals
that passed to all three stations. Using the accepted
arrivals at each station, the associated noise window
measurements are averaged to estimate the ambient
noise floor during the survey.
3.4. Estimation of Transmission Loss
[28] A principal motivation in calculating acoustic
received levels (RL) at varying ranges (R) is the
determination of the transmission loss (TL), or the
change in sound level relative to a reference dis-
tance (Ro) of one meter:
TL ¼ x jj log10 R=Ro ðÞ dB re1m ½  ð 4Þ
Figure 7. (a) Waveform and (b) spectrogram of shot numbers 4309, 4140 and 7008 (shown in columns) arriving at
station M4. The signals are arranged with the predicted arrival time shown as t = 0. Coincident seismo-acoustic arrivals
may result in low (4309), average (4140) or high (7008) SNR. Spectrograms are calculated within 0.5 s windows with
50% overlap. (c) Received levels (dBEFD) are plotted for arrivals from successive shots. This illustrates the anoma-
lously nature of the depicted arrivals (red dots), relative to those associated with shots immediate before and after (blue
dots) that lie at a similar ranges and undertake similar propagation paths. Only the arrival associate with shot 4309
would be eliminated based on the SNR threshold, indicating that this criterion alone is not sufficient to eliminate air
gun arrivals contaminated by transient seismo-volcanic energy.
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8o f2 2where the TL coefficient (x) represents the negative
slope on a logarithmic plot of RL versus R. Com-
mon values for |x| range from 10 (i.e., cylindrical
spreading) to 20 (i.e., spherical spreading) [Urick
et al., 1983]. In the bottom-limited Lau Basin, a
value higher than 20 is expected because of scat-
tering and reflection loss, which are not accounted
for in geometrical spreading models [Jensen et al.,
1995]. To estimate the source level of the air gun
array—a measure of the signal amplitude corrected to
an offset of one meter—the decibel TL (equation (4))
is summed with the decibel RL (equations (1)–(3)):
SL ¼ TL þ RL dB @ 1m ½  ð 5Þ
[29] The decibel RL versus log10(R) data are
regressed in a least squares sense, with the slope
of the best fit line indicating the TL coefficient
(equation (4)) and the y-intercept providing an
estimate of the acoustic source level (Figure 9). Due
to the closely spaced nature of elements within the
M3 quad ( 2 km between individual instruments),
the four sensors are averaged both for range and
received level to avoid giving greater weight to
these short-offset arrivals. The resulting parameters
are summarized in Table 1. Unless otherwise noted,
reported uncertainties in TL and SL represent the
standarderrorintheslopeand interceptasdetermined
usingastandardbootstrapprocedure(n=5000).Asis
Figure 8. (a) Cumulative energy versus time plot for three arrivals with high SNR received at the M3 hydrophone.
The data are positioned such that t = 0 s represents the predicted arrival time. (b) Shot 955 (blue) exhibits a cumulative-
energy curve with abrupt onset and steadily decreasing coda amplitudes through time. This shape is typical for an air
gun arrival at intermediate ranges, and the event is retained for analysis. From the inspection of the cumulative sum
plots for all arrivals, a simple goodness-of-fit test is established, whereby signals containing more than 5% of their
cumulative energy at t =  1 s or less than 35% of their cumulative energy at t = +5 s are eliminated due to possible
contamination by transient seismic or volcanic noise. (c) Shot 3417 (red) fails this test. The cumulative energy reaches
 60% at t =  1 s and there appears to be a transient noise arriving just prior to the air gun arrival. (d) Shot 6038
(magenta) also fails this test, with only  30% of its cumulative energy arriving before t = +5 s. Such an anomalous
arrival pattern is typically observed when unwanted seismo-acoustic energy arrives late in the arrival analysis window.
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9o f2 2Figure 9. Received levels (dB) as a function of range are reported as (a) RMS, (b) EFD and (c) Z2P values. A least
squares best fit line is plotted (red) as well as a quantile line (dashed red) indicating the level for which 95% of the data
fall below. Black lines represent the ambient noise floor for each hydrophone station; error bars indicate  1s. Also
shown are the median received amplitudes (estimated for a series of 10-s duration arrival windows) recorded during
the March 2009 eruption of Hunga Ha’apai volcano (station M3) and following the great Samoa Mw 8.1 earthquake
in September of 2009 (station M5). Median values are shown for different observation periods, as labeled (green dots).
See Table 2. (d) 90% cumulative energy arrival durations are plotted a function of range. The best fit prediction is
shown (solid red line) with  1s confidence limits (dashed red line). In-line and cross-line shots occupy the same
amplitude range and are therefore regressed together. This finding is consistent with the horizontally symmetrical
nature of the R/V Langseth’s four-string 36-gun source reported during calibration [Tolstoy et al., 2009].
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10 of 22common in mitigation studies, a line defining the
95% quantile of the received level data also is
defined parallel to this best fitting trend [e.g., Tolstoy
et al., 2009].
4. Results
[30] The recorded RMS sound levels vary from
 130 to 100 dBRMS at ranges of 29 to 416 km,
between 28 and15 dBaboveambientnoise levels.
The transmission loss coefficient (|x|) is 24.9   0.1
and the back-calculated source level is 241.0   0.4
dBRMS @ 1 m (Figure 9a). Across the measured
ranges, the received levels plot within 3 dB of the
best fit approximation with 1s confidence, with
the maximum spread in amplitude at a given offset
(station M4 arrivals) spanning more than 15 dB.
[31] Arrivaldurationsvariedfrom0.9sto15.2s,with
the mean and standard deviation at each station being
8.1   1.4 (M3), 9.6   2.3 (M4) and 10.9   1.1 (M5)
seconds. Since nearly all of the arrival durations
exceed one second, EFD sound levels will typically
exceed their RMS equivalents (equation (2)). When
the EFD data are fit, the transmission loss coefficient
isfoundtobe23.3 0.1andaback-calculatedsource
level is 242.3   0.3 dBEFD @ 1 m. EFD received
levels lie within 2.5 dB of the best fit line with
1s confidence. The most extreme variation in
received level at a similar range again occurs at the
M4station;however,thespreadisreducedto 10dB
(Figure 9b).
[32] Regression of the decibel Z2P versus log10(R)
data indicate a best fitting transmission loss coeffi-
cient of 25.6   0.1 and an acoustic source level of
259.2   0.6 dBZ2P @ 1 m. The Z2P data exhibit
higher variability than RMS and EFD measures,
even at close offsets, with a 1s confidence band of
 4.7 dB about the prediction and a >20 dB (a linear
order of magnitude) spread in values at a given
range (Figure 9c).
5. Discussion
5.1. Sound Levels and Transmission Loss
[33] Regardless of the method used to characterize
sound levels, the observed transmission loss
exceeds 20•log10(R) (i.e., spherical spreading loss)
(Figures9a–9candTable1).Thesehighcoefficients
result from the strongly bottom-limited acoustic
environment and the shallowness of the source,
which leads to significant interaction with the
ocean-atmosphere and ocean-seafloor boundaries
[Jensen et al., 1995; Urick et al., 1983] (Figure 3).
The back-calculated sources levels estimated in the
present study are  17–20 dB lower than values
reported for a deep site (1700 m) in the Gulf of
Mexico during the R/V Langseth’s calibration
cruises (Table 1) [Tolstoy et al., 2009]. These mea-
surements, however, may not be directly compara-
ble, since Tolstoy et al. [2009] considered only
direct arrivals at ranges of 500 to 2900 m, and
monitored sound levels over a broader 5–25,000 Hz
frequency band.
[34] Even at the nearest ranges studied here, sound
levels fall short of United States Level B harass-
ment thresholds (160 dBRMS) and the142 dBRMS
level where disruptions in diving patterns have
been observed among some cetacean populations
[Ljungblad et al., 1988; Richardson et al., 1995;
Southall et al., 2007]. Recent studies, however,
have cites changes in baleen whale call patterns
associated with fisheries sonars ( 415 Hz) and air
gunactivityforsignallevelsofonly 20dBrmsabove
ambient [Castellote et al., 2012; Risch et al., 2012].
Such levels are met at nearly all ranges monitored in
this study (Figure 9), and the frequency content of the
air gun source is within the zone of audibility for
baleen whales and other marine species.
Table 1. Transmission Loss Coefficients and R/V Langseth 36-Gun Array Source Levels
Measurement
This Study Tolstoy et al. [2009]
b
Trans. Loss Coefficient
a SL Estimate dB ro. 1 m
a Trans. Loss Coefficient SL Estimate dB ro. 1 m
RMS 24.9   0.1 241.0   0.4 29.21 260.45
EFD 23.3   0.1 242.3   0.3 32.34 258.98
Z2P 25.6   0.1 259.2   0.6 Not Reported Not Reported
aReported uncertainties represent the standard error in the slope and intercept based on 5000 bootstrap samples. Confidence intervals (1s)
[Draper and Smith, 1998, p. 82] for the prediction of SL (RL at a range of 1 m) are  3.0, 2.5, and 4.7 dB for RMS, EFD and Z2P data sets,
respectively.
bTolstoy et al. [2009] results based on analysis of direct arrivals recorded at ranges 0.5–2.9 km; frequency band 5–25,000 Hz.
Geochemistry
Geophysics
Geosystems G
3 G
3 BOHNENSTIEHL ET AL.: ACOUSTICS VARIABILITY OF AIR GUN SIGNALS 10.1029/2012GC004337
11 of 22[35] To gain some perspective on the contribution
of the survey to the local noise budget, the acoustic
energy is estimated from the EFD [Hildebrand,
2004, 2005]. Assuming the EFD back-calculated
source level of 242   0.3 dBEFD @ 1 m, a water
density of 1025 kg/m
3 and an average sound speed
of 1490 m/s, 3.3   10
10 J(  6.8%) of acoustic
energy were released during the one-month-
duration survey. Compared to other anthropogenic
sources, this is approximately equivalent to 50
supertankers transiting for 30 days (100% duty
cycle) or a military SURTASS LFA sonar operating
for 6 days (10% duty cycle). Both of these sources
operate at similarly low frequencies to air guns,
typically ≤300 Hz [Hildebrand, 2004].
[36] Within such a volcanically and tectonically
active basin, however, sustained periods of similarly
high intensity sound generated from natural sources
are not uncommon. For example, during 16–20
March 2009, the seamount Hunga Ha’apai erupted
semi-continuously with a volcanic explosivity index
(VEI )of2[VaughanandWebley,201 0;Bohnenstiehl
et al., 2012]. It produced a repeating series of pher-
omagmatic explosions at a range of 146 km from M3.
Starting at the onset of the eruption, received level
information iscalculated atM3 within a seriesof non-
overlapping 10-s duration arrival windows, spanning
observational periods of 12, 36 and 60 h after the start
of the activity. The 25%, 50% and 75% quantile
levels observed within these arrival windows are
summarized in Table 2. During the first 12 h of the
eruption, for example, median recorded sound levels
are 134.1 dBRMS, 144.1 dBEFD and 145.5 dBZ2P.
These values can be compared to the predicted arrival
levels of 112.1 dBRMS, 121.8 dBEFD and 127.1 dBZ2P
that would be recorded only intermittently at this
range during the operation of the R/V Langseth’s 36-
gun seismic array (Figure 9 and Table 2).
[37] Another example is the Mw 8.1 tsunamigenic
earthquake that occurred along the outer rise of the
Tonga trench on 29 September 2009 at a distance of
500 km from station M5. This event spawned two
nearlycoseismicMw7.8sub-eventsalongtheTonga
subduction zone and a wide zone of aftershock
activity across the upper plate [Lay et al.,2 0 1 0 ] .
Acoustic received levels are calculated at station M5
over observational periods of 10, 20 and 30 min,
capturing the main shock events and their immediate
aftershocks (Table 2 and Figure 9). During the first
10 min following the initial acoustic arrivals, median
recordedsoundlevelsare155.9dBRMS,165.9dBEFD
and 163.7 dBZ2P. These values can be compared
to the predicted arrival levels of 98.8 dBRMS,
109.3dBEFDand113.4dBZ2Pthatwouldberecorded
only intermittently if the R/V Langseth’s3 6 - g u n
array were discharged at a range of 500 km (Figure 9
and Table 2).
[38] Based on the recorded signal levels and
applying our empirical transmission loss relation-
ship (Figure 9b), the Hunga eruption produced
 3   10
13 J and the great Samoan earthquake
produced  3   10
14 J of acoustic energy that were
released into the water column. When compared
to the entire seismic survey ( 10
10 J), the energy
contributions of these geophysical events are 3–4
orders of magnitude higher. Notably, the lower
energy release associated with the air gun survey
also occurs over a significantly longer duration,
 675 h.
Table 2. Received Signal Levels Associated With Major Submarine Geophysical Events
Duration Root-Mean-Square (dBRMS) Energy-Flux-Density (dBEFD) Zero-to-Peak (dBZ2P)
March 2009 Hunga Ha’apai Eruption Recorded at M3
{25% 50%, 75%} Quantiles From 10 s Duration Arrival Windows
Observational Period Begins at 2009-03-16 16:00:00
12 h {131.9, 134.1, 137.1} {141.9, 144.1, 147.1} {143.0, 145.5, 150.0}
36 h {124.5, 131.0, 134.2} {134.5, 141.0, 144.2} {136.8, 142.7, 146.2}
60 h {111.9, 121.8, 132.2} {121.9, 131.8, 142.2} {122.9, 134.1, 143.9}
Air gun R = 146 km 112.1   3.0
a 121.8   2.5
a 127.1   4.7
a
September 2009 Samoa Earthquake Mw 8.1 Recorded at M5
{25% 50%, 75%} Quantiles From 10 s Duration Arrival Windows
Observational Period Begins at 2009-09-29 17:49:00
10 min {152.9, 155.9, 160.0} {162.9, 165.9, 170.0} {161.0, 163.7, 167.7}
20 min {140.4, 147.5, 155.9} {150.4, 157.5, 165.9} {151.3, 157.2, 163.7}
30 min {138.6, 142.8, 153.0} {148.6, 152.8, 163.0} {148.8, 153.8, 161.1}
Air gun R = 500 km 98.8   3.0
a 109   2.5
a 113.4   4.7
a
aMean values from best fitting regression  1s confidence intervals [Draper and Smith, 1998, p. 82] for the prediction of RL at the given range.
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12 of 225.2. Signal Characteristics and Bathymetry
[39] This section investigates how signal char-
acteristics are influence by the near-source
bathymetry. Our approach involves 1) identifying
arrivals with extreme (high and low) amplitudes
and durations, and examining their spatial patterns
with regard to the morphology of the ridge axis, and
2) quantifying the correlation between these arrival
characteristics and the water depth directly beneath
each shot.
[40] Arrival durations, as defined by the 90%
cumulative energy window, generally increase with
increasing source-receiver offset (Figures 9d and
10). Variability at a given range, however, is espe-
cially notable at stations M3 and M4, which exhibit
greater bathymetric relief along their propagation
paths, compared to station M5. When those shots
with the longest and shortest durations (defined as
above and below the best fit line   1s) are plotted
on a map of the seismic survey, a geographic trend
becomes apparent (Figure 11a), whereby the short
duration arrivals tend to originate above shallow
topography and long duration arrivals tend to
originate within the deeper valley. Similarly, arri-
vals with high and low peak amplitudes plot pref-
erentially along the ridges and valleys, respectively
(Figure 11b). Extreme RMS and EFD values follow
a similar, though perhaps less pronounced pattern
(Figures 11c and 11d).
[41] To further quantify this relationship, the depth
of the seafloor beneath each shot is extracted from
the 100-m horizontal resolution bathymetric grid
derived from a compilation of shipboard swath data
collected along the ELSC. Although air guns sig-
nals in this environment scatter and reflect sound
from some area of the seafloor beneath the shot-
point, the depth directly beneath the shot is used
as a simple proxy—keeping in mind the first-order
persistence of abyssal seafloor depths [e.g.,
Herzfeld et al., 1995]. Correlating these shot
depths with the received signal durations and esti-
mated source levels (decibels), the geographic
trends identified in Figure 11 are confirmed. Signal
duration and the Z2P decibel source level display a
similar level of correlation with seafloor depth,
explaining between 12 and 30% (|r| = 0.34–0.54) of
the variance at the three stations (Figures 12a and
12b). RMS and EFD decibel source levels exhibit a
somewhat weaker correlation with depth, |r| = 0.26–
0.46 (Figure 12c) and |r| = 0.21–0.44 (Figure 12d),
respectively. Correlation coefficients also show a
pattern based on receiver station, with the durations
measured at the M3 station and the source level
estimates from station M4 being most strongly
correlated with the depth of the seafloor beneath the
shot. For each signal parameter, the data from sta-
tion M5 shows the weakest correlation with sea-
floor depth (Figure 12).
[42] This study is not the first to present evidence
linking seafloor depth and bathymetric properties
withvariabilityinacousticreceivedlevels.Blackman
et al. [2004] has shown that a receiving station
thousands of kilometers away detected seismic air
gun shots fired above a sloping seafloor near the
Ninety East Ridge in the Indian Ocean, while that
same receiver did not detect shots fired at closer
ranges, but in deep water (>4000 m). Modeling
results indicated that shots fired over the ridge typi-
callycoupledintotheSOFARchannelbydownslope
conversion and increased the SNR proportionately
[Harben et al., 2002], while other shots relied on
seafloor scattering from shallow secondary sources
for SOFAR entrapment [Blackman et al.,2 0 0 4 ] .
Observations from Blackman et al. [2004] and
Harben et al. [2002] are consistent with the present
study, where peak amplitudes and arrival durations
can be correlated to seafloor parameters near the
source array.
[43] The link between seafloor and received signal
characteristics is further supported by the study of
T-phases, which are hydroacoustic signals gener-
ated by the conversion of seismic P and S-waves at
the ocean-crust boundary [Tolstoy and Ewing,
1950]. Ray tracing results of Williams et al.
[2006], for example, indicate that T-phases ema-
nating from deep seafloor entrain less energy into
Figure 10. Histogram of arrival durations at each
hydrophone. Inset table gives the mean and standard
deviation of each population. Duration is defined using
the 5–95% cumulative energy sum method. See section
3.2 for a description of methodology.
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13 of 22the SOFAR channel than those emanating from
shallow seafloor.
5.3. Acoustic Propagation in a Bottom
Limited Setting
[44] The sound velocity structure in the Lau Basin
is such that the minimum velocity, and thus the
SOFAR axis,is ata depthof  1100 m and thecritical
depth is  5500 m (Figure 3a). The air gun source is
shallow (9 m) and consequently acoustic energy
cannot be refracted directly into the SOFAR channel.
Rather, signals scatter and specularly reflect from
some area beneath the air gun array; this can generate
low grazing angle rays (low order modes) that prop-
agate over very long ranges [Talandier and Okal,
Figure 11. (a) Arrival duration, (b) Z2P, (c) RMS and (d) EFD received levels are plotted versus log10(R) in the right
hand column. Measurements deviating from the expected value (solid black line) by more than  1s are defined as
extreme (black dots) and plotted separately in map view on the lefthand side. White line on the maps delineates the
limits of the air gun survey area. Arrivals (at a given range) with the shortest durations and highest amplitudes typically
plot along bathymetric highs. The longest duration and lowest amplitude arrivals cluster along the deeper sections of
the ELSC.
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14 of 221998; Park et al., 2001]. Sites of seafloor scattering,
which radiate energy both in and out of the propa-
gation plane, may be viewed as secondary acoustic
sources [Yang and Forsyth, 2003; Williams et al.,
2006]. The strength and directivity of this scattered
acoustic energy depends on the ray’s incident angle
and the slope and aspect of the seafloor [Blondel,
2009].
[45] The influence of scattering from the rough and
heterogeneous ELSC crust is evident in the arrival
durations, which are an order of magnitude higher
than the direct arrivals reported at ranges of up to a
few kilometers from the R/V Langseth’s3 6 - g u n
array [Tolstoy et al., 2009]. Bottom interaction leads
to longer duration arrivals in the Lau Basin, and
increasing the source-receiver offset increases the
possibility of bottom interaction along the propaga-
tion path. This is evident by the increase in average
arrival duration observed at the more distant stations
M4 and M5, relative to station M3 (Figure 10).
[46] When propagation occurs via bottom-interaction,
acoustic arrivals are expected to both loose energy
Figure 11. (continued)
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15 of 22and spread out in time with each seafloor bounce.
As such, back-calculated source levels, which
remove the first-order range dependence from the
amplitude data, show a strong negative correlation
with arrival durations (Figure 13). RMS and Z2P
source levels show the strongest correlation ( 0.90
<r< 0.70) with arrival duration. EFD estimates,
which incorporate duration into their measurements
(equation (2)), show a slightly weaker correlation
( 0.82 < r <  0.56) (Figure 13).
[47] The correlations between arrival characteristics
and seafloor depth (Figure 12) and between signal
duration and amplitude (Figure 13) are explored
using the Bellhop ray-tracing model [Porter and Liu,
1994]. The results are summarized in Figure 14. For
each arrival, a total of 3000 rays are used to model
propagation over the range-dependent bathymetry
between the source (z = 9 m) and receiver (z =
1000 m). The model also considers range-dependent
sound speed profiles, extracted from the 2005 edition
of the World Ocean Atlas [L o c a r n i n ie ta l . , 2006].
[48] To identify source-to-receiver paths that favor
soundchannelentrapmentofthepropagatingacoustic
energy, the ray(s) undergoing the fewest number of
bottom-bounces is identified for each model run
(Figure 14). This is similar to the ray counting
approach used to identify favorable propagation paths
in seismo-acoustic investigations [e.g., Talandier
and Okal, 1998; Williams et al., 2006]. The distribu-
tion of modeled shots with rays undergoing only a
few bounces (1 for station M3, and ≤3 for the more
distant stations M4 and M5) mirrors the distribution
of arrivals characterized as having anomalously high
amplitudes and/or short durations (Figure 15). Simi-
larly, the distribution of modeled shots that propagate
dominantlythroughaseriesof seafloorreflectionsis
found to mirror the distribution of arrivals charac-
terized as having anomalously low amplitudes and/
or long durations (Figure 15). Due to uncertainty in
the bathymetry and sound velocity data, as well as
the limits imposed by considering only in-plane
propagation and disregarding scattering in these
models,thiscorrelationisnotone-for-one;however,
the same first-order spatial patterns are evident in
the observed (Figure 15a) and modeled (Figure 15b)
panels.
[49] Although our discussion has focused on the
importance of seafloor depth beneath the source
Figure 12. (a) Arrival duration and (b) Z2P, (c) RMS and (d) EFD source levels (range-corrected amplitudes) are
plotted against the seafloor depth at the corresponding seismic shot locations. Black lines represent a linear best fit
to the data. Arrival durations correlate positively with depth, whereas source levels correlate negatively with depth.
Correlation coefficients are given in each panel, with standard error bootstrap uncertainties.
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16 of 22(Figure 12), the bathymetry along the propagation
path also influences the observed signal character-
istics. Consequently, the spatial patterns observed in
Figure 15 are not identical for the each station. This
path dependence also influences the correlations
discussed earlier. Station M5, for example, lies to
the north of the ELSC rift valley such that source-
receiver paths tend to shallow or stay relatively flat
(Figure 4). Consequently, signal characteristics
observed at M5 shows the least correlation with the
depth of water beneath the source (Figure 12). The
arrival durations observed at station M5 also exhibit
the smallest standard deviation (Figure 10), likely
reflecting the less variable nature of bathymetry
along profiles trending parallel to the seafloor fabric
[e.g., Herzfeld, 1993].
[50] Different sound level measures (equations (1)–(3))
show similar trends, but exhibit different levels of
correlation (Figures 12 and 13). The Z2P measure-
ment is concerned with the largest instantaneous
pressure recorded at any point within the arrival
window. When the acoustic source level (range-
corrected amplitude) is expressed in these terms, the
estimates show the largest spread in value, and cor-
relate strongly with the signal duration (Figure 13a)
and the depth of the seafloor (Figure 12b). The RMS
measurements represent the signal amplitude aver-
age across the arrival window. When used to define
the acoustic source level, these values show less
total variation, a similar level of correlations in terms
of arrival duration and a somewhat weaker correla-
tion with seafloor depth (Figures 12a and 13c). The
EFD amplitude, which incorporates arrival duration,
isoftendescribedasameasureofthesoundexposure
level. When this parameter is used to define the
source level, the returned values show the least
variability and the weakest correlations with arrival
duration and seafloor depth (Figures 12d and 13c).
EFD source level estimates therefore provide the
most consistent measure of the air gun array’s
source strength in this bottom-limited environment.
6. Summary
[51] During January–February 2009, an active-
source seismic survey was performed over the
Eastern Lau Spreading Center in the Lau Backarc
Basin (21 S, 176 S). Acoustic signals generated by
the R/V Marcus G. Langseth’s 36-gun pneumatic
source array were recorded within the deep sound
channel at offsets of 29–416 km. The local acoustic
environment is everywhere bottom limited and
transmission loss is found to exceed the predictions
of a geometric spherical spreading model, with loss
coefficients >20 dB/log10(R).
[52] Due to the high degree of acoustic bottom
interaction within this shallow, low-latitude basin,
peak amplitudes at a given range vary as much as
an order of magnitude and durations by a factor of
three to six. Moreover, up to 30% of the variance in
duration and range-corrected (decibel) amplitude is
explained by a correlation with the water depth
beneath the shot. A spatial pattern is identified that
shows short-duration, high-amplitude, impulsive
arrivals originate preferentially over shallow bathym-
etry; and, longer-duration, lower-amplitude, emergent
arrivals originate preferentially over areas of deeper
seafloor. These patterns are explored using a numeri-
cal ray trace model, which predicts that signals origi-
nating over shallow bathymetry are more likely to
become entrapped within the sound channel; whereas,
signals originating in deeper water are more likely to
propagate via a repeating series of bottom reflections.
[53] In comparing Z2P, RMS and EFD measure-
ments of signal amplitude, EFD measurements
Figure 13. Arrival durations are plotted versus acous-
tic source level (range-corrected amplitude) measured
in terms of the (a) zero-to-peak (Z2P), (b) root-mean-
square (RMS) and (c) energy flux density (EFD). Z2P
and RMS values show strongest correlations, whereas
EFD shows the weakest correlation for all hydrophones.
For each measurement technique, the signals recorded at
station M4 exhibit the strongest correlation.
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17 of 22Figure 14. Sample air gun arrivals record at stations (a) M3, (b) M5 and (c) M4 (two examples). For each arrival, the
pressure waveform (blue), cumulative energy curve (green) and spectrogram are shown. These examples illustrate the
variable characteristics of the arrivals, with both impulsive, short-duration, higher-amplitude signals and more emer-
gent, longer-duration, lower-amplitude signals observed for shots at similar ranges. For each shot, a range-dependent
acoustic ray-tracing model [Porter and Liu, 1994] is performed using 3000 rays with take off angles evenly distributed
between  89 . Only those rays with the smallest number of bottom bounces are shown. Impulsive waveforms are
associated with propagation paths that allow rays to become trapped in the sound channel after a small number of bot-
tom bounces; more emergent waveforms are typically associated with signals that propagate laterally through a series
of bottom reflections.
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18 of 22correlate the least strongly with seafloor depth. This
suggests that, in areas exhibiting significant bathy-
metric relief, this technique may provide a more
robust estimate of the acoustic source level. EFD
has become a common measure of exposure level in
bioacoustics, and its reduced sensitivity to bathy-
metric-propagation effects argues that it should be
considered more broadly as a tool in quantifying the
size of transient geophysical signals.
[54] Although the R/V Langseth’s 2009 active source
survey represented a significant anthropogenic input
into the ocean soundscape of the Lau Basin, long-
term acoustic monitoring suggests that the resulting
transient sound levels are not uncommon within this
Figure 14. (continued)
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19 of 22extremely active tectonic and volcanic area. For
example, the moderate (VEI = 2) eruption of Hunga
Ha’apai volcano in March of 2009 [Vaughan and
Webley, 2010; Bohnenstiehl et al., 2012] produced
sustained pressure levels that exceeded the air gun
signals by more than 20 dBRMS at a given range and
released on the order of 1000 times more acoustic
energy. The degree to which marine animals in this
area have become habituated, or respond, to this
naturally noisy low-frequency soundscape is unknown.
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